{
P

NACA RM L56107

- .om

Tt CGNFIDENTIAL T T e
- CenrA —1

!II”!Ill JIIRTESTRA TR Y I - — '-_
T =y

-

RESEARCH MEMORANDUM

EXPERIMENTAL INVESTIGATION OF THE AERODYNAMIC LOADING
ON A HELICOPTER ROTOR BLADE IN FORWARD FLIGHT
By John P. Rabbott, Jr., and Gary B, Churchill

Langley Aeronautical Laboratory

CLASSIFICATION CHAMGESy Field, Va.

__UNCLASSIFIED ~ LIBRARY coPY

VACH Lee abe/ —
wihority of | ¥ LA 12/ %—"%”Ja LANGLEY AERONAUTICAL LABORATOR
----------------- Date 1Tl 2Y 1957 LIBRERY NACA

0CT 30 1956

MAmM? /270 57 LANTYEY FIEILD, VIRGINIA
CLASSIFTIED DOCUMENT
This altec .ngtns'N‘a.,.oua.l:}e_er.e uttheLr_\hed ?a.te s within the meaning
o'uneag.ou-e )?ws 'T:... 18, U.8.C., Sacs, 'gsmm of which in any
ize lap i lag,

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
October 25, 1956

CONFIDENTIAL



e e ——— T .

.  ERRATA NO. 2

\
1]
——— _-—,r.-t!llg
of
L
[}
i
|
1
1

NACA Research MEmorandum’iBGLOT

By John P. Rabbott, Jr., and Gary B. Churchill
October 1956

i m

Page 26: Replace figure 4 with corrected figure 4 atteched. The error
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Page 10:

The formula for phase angle ¢n in the next line to the last should
be corrected as follows:

¢ = 'bs.n-l k'—
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Pages 19, 20, and 21:
Inasmuch as the incorrect formule was used to compute the phase

angles presented in tables II to V, these tables should be replaced with
revised tables II to V sttached.
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TABLE IT.- PHASE ANGLE FOR EACE HARMONIC

OF MEASURED SECTION LOADING

Phese angle, @,, deg, for station -
Tip~-speed n

e H - 2 5 (repeat) 4 2
1 -12 2 19k 193 17L 153

2 -2 ~-20 1 -3 1 1
0.08 3 45 78 -125 -118 -15 -12
Iy 97 156 193 182 182 8
5 159 1k3 97 65 181 19k
6 236 127 153 s o5 192
1 -13 -1 172 17E 166 193
2 -3 -7 - - 22 110
3 192 26 1 -36 =17 )
.10 L 208 162 162 160 187 -25
5 198 129 1 7 159 194
6 20k 158 151 140 23 175
1 -56 10 -109 -15 102 107
2 1 -15 5 6 23 5k
1 3 b2 122 -15 -15 -6 b
.15 L -81 -33 197 179 -86 -25
5 5% -10L 131 126 171 188
6 -23% 119 -28 -27 123 172
1 -91 -13k =41 -56 -2 132
2 -5 -5 5 L 39 24
3 -128 =53 -19 -17 5 -3
-20 L -80 -120 -110 -120 -2& -21
5 24h9 -7 128 137 165 161
6 29 248 &) 81 126 183
1 189 -61 LT -k5 19 52
2 L5 =L 2 3 17 -20
oL 3 187 -106 ~33% -3k -g2 =47
. k 176 189 -107 ~101 -76 -20
5 224 an 143 131 216 32
6 202 -38 56 61 154 117
1 -158 -k5 -2k -22 1E hg

2 35 9 5 ! 1k -1
5 3 226 -130 <13 -2k -13% -18
.29 b 174 171 -109 ~103 -107 -17
5 -o7 106 17k 140 -22 27
6 211 67 T9 65 114 -18
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TABLE IIT.- HARMONIC ANATLYSIS OF THEORETICAL, SECTION LIFT
r

L = 0.20; QR = 482 fi/sec; £ = 2.2 sq ft; r/R = 0.75
X

Disk 1
loading,

1 B, s | %o, iz ¢3 s
1b/sq £t o deg lo |deg o

deg

0.00223 1.23 |o0.021| -89 |0.142 | -2 }0.007 | -108
.00335 1.85 .0l2| 88| 131} o .016 | -101
.ookLT 2.47 015 -92| .126 | o .010| -98
.0073k4 4.05 .005 | -112}| .125| © 012 | -8

TABLE IV.- PHASE ANGLE FOR EACH HARMONIC

OF MEASURED TOTAL BLADE LIFT

Tip-speed | P15 | %o, @5, Q)5 @5, 3
ratio, { |deg| deg| deg| deg| deg| deg

0.08 ~13) 1 5| 1651173 | 129
.10 6| 2 -9 162| 137 | 108
.15 -20 | -5 o]l 97} 16} 11k
.20 51} 6 -15| -90| 1hk | 166
.2k -8) b |-123] 120} 172 | -27

.29 ~1h ) 8 | -12h ] -175 | 127 ] 14k
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TOTAL. BLADE LIFT

V.~ BARMONIC ANALYSIS OF THEQRETICAT

E.L = 0.20; QR = 482 ft/sec; £ = 2.2 8q f'izl

Disk ® ® >
Cp loading, | I1/Ig | *1 | Lo/L, | P20 Lz/L, | ©3°
1b/sq £t deg deg deg
0.00223 1.2 0.023 1 S0 [0.14k | O [0.028] -90
.00LLT 2.47 .007|-90] .118} o .02k | -90
.00761 4.20 00k f -84t 1251 O .022 | =90

NACA - Langley Field, Va.
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RESEARCH MEMORANDUM

EXPERTMENTAL INVESTIGATION OF THE AERODYNAMIC LOADING
ON A HELICOPTER ROTOR BLADE IN FORWARD FLIGHT

By John P. Rabbott, Jr., and Gary B. Churchill
SUMMARY

An experimental investigation of the aerodynamic loading on one blade
of a two-blade teetering rotor has been conducted in forward flight for a
tip-speed-ratio range of 0.08 to 0.29 at a disk loading of about 2.4 pounds
per square foot and a tip speed of about 480 feet per second. Chordwise
loading distributions at five spanwise stations and the variation of sec-
tion loading and total blade 1lift with azlmuth position are presented.
Also determined are the harmonic content and phase angles of section and
total blade lift for the first six harmonics of rotor speed. The data show
a much greater harmonic content, which, in general, varies inversely with
tip-speed ratio for the range of tip-speed ratios lnvestigated, than a uni-
form inflow theory would predict. The nondimensional spanwise loading is
indicated to be relatively constant with thrust coefficient and tip-speed
ratio.

INTRODUCTION

A knowledge of the chordwise and spanwise aerodynamic loading dis-
tribution on a hellcopter rotor blade is often required to predict possible
sources of vibration excltation which lead to stress and fatigue problems
in the rotor system.

Although present rotor theory (refs. 1 and 2) predicts the overall
rotor thrust and power required sufficiently well, it does not, in genersl,
indicate the presence of epprecizble higher harmonic air loads sbove the
second harmonic, inasmuch as a uniform induced velocity across the rotor
disk is usually assumed. Because of the very complex nature of the flow
in a rotor wake, the calculation of the actual induced flow pattern is a
very difficult mathematical problem. However, there are recent theories
aveilable, such as those of references 3 and 4, which more closely approxi-
mate the actual induced velocity distribution than does e simple uniform
inflow assumption.

In a previous experimental investigation of rotor-blade loading
(ref. 5), the aerodynamic loading on a model rotor blade was determined
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for a wide variety of flight conditions but 4id not indicate harmonic
loeds sbove the second harmonic because of the low frequency response
of the measuring equipment.

In order to provide the designer with a more quantitetive view of
rotor-blade loading than calculations or previous measurements would indi-
cate, an investigation has been conducted in the Langley full-scale tumnel
to measure the chordwise and spanwise aerodynamic loading distribution on
a helicopter rotor blade in static thrust and forward flight. The static-
thrust results are presented in reference 6, and the present papér covers
the forward-flight data. Test conditions, which were all below stall in
sirmulated level flight, correspond to a range of tip-speed ratios of 0.08
to 0.29 for a disk loading of about 2.4 pounds per square foot and a
rotational tip speed of about 480 feet per second.

Differential pressures between the uppver and lower surfaces were
measured at ten chordwise locations for five spanwise stations at each
test condition. The data were reduced to give chordwise and spanwise
loading distributions and thne variation of section and total blade loed
with azimuth. The latter date were then harmonically analyzed to give
the emplitudes and phase engles of section and total load for the first
six harmonics of rotor sveed. These data are presented and a comparison
is made with the loading predicted on the basis of an agsumed uniform

inflow. Rotor forces, shaft torgue, and blade motions were slso measured
and are presented herein.

SYMBOLS
a' projection of angle between rotor force vector and axis of no
feathering in plane containing flight path and axis of no
feathering
8 coefficient of cos ¥ in Fourier series for blade flapping;

longitudinal Tiapping angle, deg

by coefficient of sin ¥ in Fourier series for blede flapping;
lateral flapping angle, deg
b number of blades
c blade section chord, fu
¢, section lift coefficient, Lift/qe
Crop thrust coefficient, —T—_a
ﬂRep(QR)

L o)
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f

drag, 1b

equivalent flat-plate area representing parasite drag, based on
Helicopter paresite drag

V2

unit drag coefficient, , 8q Tt

I\)T!’i—'

instantaneous section 1ift, 1b

steady term in series for section 1ift, Ib/in.
coefficient of cos(nf + @) in series for section 1ift, 1lb/in.

instantanecus total blade 1ift, 1b

steady term in series for total blade lift, 1b
ccefficient of cos(pw + @n) in series for total blade 1iit, 1b

harmonic order
locel dynamic pressure, 1lb/sq £t
radizl distance to blade element, Tt
blade radius measured from center of rotation, ft
rotor thrust, 1lb
induced inflow velocity at rotor, fifsec
Crp

momentum value of induced velocity in hovering, aR 27 ft/sec

forward velocity, ft/sec

distance from leading edge to any point on chord, ft

rotor angle of attack; angle between projection in plane of
symmetry of axis of no feathering and Iine perpendicular to

flight peth, positive rearward, deg

blade~element angle of attack, measured from line of zero lift,
deg

blade~section viteh angle; angle between line of zero 1ift of

btlade section and plane perpendicular o axis of no
feathering, deg
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(Vsin a - v)

A inflow ratio,

QR
i tip-speed ratio, LCO8 o

iR
o ness density of air, slugs/cu ft
o rotor solidity, be

nR
¢n phase angle, with respect to gzero azimuth, of amplitude of
nth harmonic of section 1ift, deg

Cn phase angle, with respect to zero azimuth, of amplitude of

nth harmonic of total blade lift, deg

s blade azimuth angle measured from downwind position in direc-
tion of rotation, deg

& rotor angular velocity, radians/sec
DESCRIPTION OF EQUIPMENT

The equivment, with the exception of the blade-motion indicators, is
described in detall in reference 5, but is reviewed briefly here.

Rotor RBlades

The rotor blades are of rectangular plan form, untwisted, and have a
diameter of approximstely 15 feet, an NACA 0012 airfoil section, and a
»otor solidity of 0.C97. One blade of the two-blade teetering rotor is
instrurented to measuvre the differential pressures between the upper and
lower surfaces at ten chordwise locations at each of five spanwise sta-
tions. Tigure 1 1s a sketch of the instrumented blade showlng the prin-
cipal dimensions and the pressure-orifice locations. Figure 2 shows the
details of the teetering rotor hub.

The rotor-blade stiffness, both in bending and in torsiom, is very
high. The bending stiffness variles from a maximum of about
9,000,00C pounds per square inch at the root to a constant value of
2,850,0C0 pounds ver square inch for the outboard 40 percent of the blade
spen. The overall torsioral stiffness, measured between the blade root
and blade tip, is 278 irch-pounds per degree of twist.
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Pressure-Pickup Installation

The pressure pickups used are NACA miniagture electrical pressure
gages (ref. 7) of a variable-inductance type. Fifty gages are mounted
inside the rotor blade in such a way that neither centrifugal force nor
flapoing accelerations affect gage output. Inasmuch as the rotor is of
the teetering tyve (without drag hinges), there can be no appreciable
in-vlane motion to affect the gages. A short length of tubing connects
each gage to the appropriate pair of orifices. The tubing diameter
and length are constant for all gages in order to maintain constant
amplitude and phase response between gages. The amplitude and phase
response for the measuring system, Including the oscillograph on which
the pressure data were recorded, were celibrated. The overall frequency
response for the system was determined to be flat to @bout 60 cycles per
second, the sixth harmoniec of rotor speed. There was a2 time lag in the
system, independent of frequency, which amocunted to 8° of azimuth. There-
fore, this lag is 16° for the second harmonic, 24° for the third harmonic,
and so forth.

Although 45 slip rings were available for electrical connection
between the rotating and stationary parts of the model, this number was
not sufficient to enable all five pressure stations to be recorded at one
time. Therefore, a remotely operated stepoing switch, located on the
rotor hub, was employed whereby stations 1, 2, and 3 (at r/R = 0.31,

0.56, and 0.75, respectively) were recorded simultaneously. The switch
was then edvanced and stations 3, 4, and 5 (at r/R = 0.75, 0.85, and 0.95,
respectively) were recorded. Station 3 was thus recorded twice at each
test point as a check on the repeatability of the datse.

Blade-Motion Indicators

Blade pitch angles and flapping angles were meesured by small variable
transformers mounted on the rotor hub, as shown in figure 2. An input power
of LOO cycles was used for each pickup and the output was filtered to give
a single sine-wave trace with amplitude provortionsl to pitch angle or
flapping angle. The response of the system was flat over the operating
range. However, there was a time lag which varied with frequency and
which was accounted for in the data-reduction process. Although reliasble
data were obtained, this system is not recommended for future work because
of the complicated calibration and data-reduction methods required.

Test Vehicle and Wind Tunnel
Figure 3 shows tne model In operation in the Langley full-scale tunnel.

The rotor forces are transmitted through the shielded struts to the wind-
tunnel balance. A complete description of the wind tunnel and its equipment
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is given in reference 8. The torque input was measured by means of a
strain-gage beam mounted on the rotor shaft.

TEST PROCEDURE AND DATA REDUCTION

In order to obtain the force tares on the basic model, the model was
operated with blades off for the range of tunnel speeds and shaft angles
cf attack to be covered in the tests. Lift, drag, side force, and shaft
torque tares were recorded. Then, in order to sinulate a given flight
condition for a given tunnel speed and rotor speed, the desired thrust
and parasite drag were set and the side forces trimmed epproximately to
zero, the model tare forces being teken into account. Oscillograph
records were teken of the pressure data and blade motions. The shaft
torque was recorded on a potentiometer. KEach osclllograph trace corre-
soonding to the output of a pressure gage was read at 8 points per
cycle. The readings for corresponding points for 10 cycles were averaged
and recorded on automatic punch cerds. Auviomatic computing machines then
converted this sverage to a pressure differential and swmmed the output
at each spanwise station to give the section loading. The section loading
was then harmonically analyzed to give the amplitude and vhase angle, with
respect to zero azimuth, of each harmonic of loading. A correction for
the time lag in the instrumentation described previously was then intro-
duced. The values of section loadlng, when plotted against radius, were
manuelly integrated to give total blade lift at 24 points per cycle.
These data were then harmonically analyzed to give the amplitude and
prase angle of each harmonic of total blade lift.

A sixilar analysis, for eight polnts ver cycle, was made of the
blade-moticn traces, except that the sine and cosine components of the
harmonic motions, corresponding to longitudinal and lateral blade flapping
and pitck angles, respectively, were obtalned.

The tunnel jet-boundery correction was assumed to be zero inasmuch as
the tunnel conflguration, with a ground plane installed, is similar to that
described in reference 9 which showed the correction to be negligible. A
stream-angle correctlion was applied to the rctor angles of attack.

RESULTS AND DISCUSSION

Performence Data

As discussed previously, the model force tares were measured and
accounted fer in setting the desired rotor forces at each test condition.
Corpsgrison of the drag tares taus cbtained with those measured con the
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same model in a previous investigation showed a large variation. Inasmuch
as the balance parssite-drag values, therefore, were in doubt, the rotor
parsesite-drag—1ift retios for performance celculations were taken to be

Q;L\ = -tan(a + a')
'_'O /p

where «, the control axis angle of attack, was obtsined from measured
blade motions and a' was computed from reference 10. Table I shows a
discrepancy between the rotor disk load obtained from the wind-tunnel
balance and that obtained from integrated pressure data. The difference
is less than 2 percent at p = 0.10, 0.15, and 0.20 but varies from 6 to
11 percent at the other three tip-speed ratios. Thisg difference is simi-
lar to that discussed in reference 6, in that the integrated pressure 1lift
is always less than the tunnel-balance 1ift for the thrust coefficients
covered in this test. The tunnel-balance iift was used in performance
calculations.

Figure L(a) presents a comparison of the measured rotor power required
with that calculated from references 1, 10, and 1l. Tne shapes of the
reasured and theoretical curves are similar and the magnitudes agree fairly
well, a maximum difference of about 8 percent occurring at p = 0.15.

Figure k(b) presents a comparison of the blade flapping angles mea-
sured at the rotor hub with the calculated values of reference 1. The
longitudingl flspping aq shows fair agreement. For an unconed teetering
rotor, as used in this test, with uniform infliow, theory predicts no
lateral flspping by, whereas the measurements show an appreciable value.

A longitudinal variation in induced velocity, es discussed in reference 12,
or blade bending would produce some lateral flapping.

No higher harmonics of blade flapoing were meesured greater than 0.1°,
which is within the accuracy of the measuring equipment.

Section Aerodynamic Loading

Chordwise loading distribution.- Figure 5 presentis sample chordwise
loading distributions obtained at a tip-speed ratic of 0.29 for several
azimuth positions. The curves, in general, are similar to those that
would be expected from two-dimensional tests or theory, with the exception
of r/R = 0.95. Here, over the rear part of the disk, the loasding on the
rear portion of the chord becomes negative. In reference 6 (static-thrust
results) a similar effect was noted in that the trailing-edge loading at
r/R = 0.95 was lover then two-dimensional date would show. This lower

ORI
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value of loading was attributed to a possible spanwlise boundary-layer ’
growth due to rotation which added to the expected reduction in 1ift due .
to tip effects. Since reference 6 has been published, two-dimensional

tests of the instrumented rotor blade have been made in the Langley low-
turbiulence vressure tunnel. TFigure 6 shows some sample results from these r
tests. Figure 6, which is similar to figure 7 of reference 6, compares
the measured chordwise loading in static thrust with the measured two-
dimensional data and theoretical loadings. At r/R = 0.75 (fig. 6(a)),
which is representative of inboard stations, good agreement between the
three loading distributions indicates that approximately two-dimensional
flow exists in this region. For r/R = 0.95 (fig. 6(b)), the two-
dimensional measurements sgree very well with the calculeted loading dis-
tribution for the NACA 0012 profile. However, the trailing-edge lozding
is considerably lower for the static-thrust tests, as discussed in
reference 5.

In créer for this decreased trailing-edge loading to be a spanwise
flow effect, a similar effect would be expected to be most pronounced in
forward flight over the rear portion of the rotcr disk where the forward-
speed component would add to any radial flow present. Similarly, over
the forwerd portion of the disk, the forward-speed component, directed
radially inboard, would tend to minimize any radial flow due to rotation. -
This trend is seen in figure 5(e) at r/R = C.95.

The main effect of such a chordwise loading change from two-dimensionel
results would be to intrcduce a possible periodic blade twist in a torsion-
ally flexible rotor tlade, which might not be accounted for in design calcu-
lations. Although it is believed that the secticn 1ift charascteristics can
be accurately obtained with the present instrumentation, it is felt that
more chordwise pressure orifices, particularly in the trailing-edge region,
would be required to determine definitely the variation in section pitching
rnoment wita azimuth.

Varlation of section aerodynamic loading with szimuth.- Figure T pre-
sernts the variaticon in section aerodynamic loading with azimuth for the
five rzdial stations for a range of tip-speed ratios. As described in the
section entitled "Descrivtion of Equipment," the data at r/R = 0.75 were
taken twice. Both sets of data points are presented in order to give an
indication of the repeatability of the data.

he mein effects to be noticed are the harmonlic content and the change
in shape of the curves with tip-sveed ratio. Consider first the outboard
stations (r/R = 0.75, 0.85, and 0.95). At a tip-speed ratio of 0.08,
(cig. 7(a)), which corresponds to e transition condition from hovering to
forvard flight where the induced-velocity dissymmetry is the greatest, the
magnitude of the lcading veries by e factor of 3 to L4, with sharp gradients
in the regicns of 90° and 270° of azimuth. The lerge gradients in loading o
suggest a relatively large harmonic content in this flight condition. At
a greater forward speed, u = 0.20 (fig. 7(d)), the magnitude of the loading

AT
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variation with azimuth has decreased somewhat and the curves tend to
smooth out over the retreating portion of the rotor disk.

At the highest tip-speed ratioc, i = 0.29, e value which corresponds
to a higher cruising speed but is still below staell, the inflow through
the rotor is more nearly uniform because of the lerger component of for-
ward speed. This condition would suggest a less severe variation in 1ift,
as the measured data show in figure 7(f). Although the magnitude of
loading variation is still of the same order as at p = 0.20 (fig. 7(4)),
it is now predominently first and second harmonic in nature.

If the tip-speed ratio were increased to a point where retreating blade
stall occurred, or if the forward-speed component were an epprecilably
greater part of the locsl dynamic pressure, higher harmonic loading would
probably be evidenced again. No such data were obtained in the present
tests, but these coenditions should be covered in future investigations.

If the inboard stations (r/R = 0.31 and 0.56) are considered next, an
opposite trend with tip-speed ratio is noted from that seen for the out-
board stations. Inasmuch as the local blade 1ifi is low at the inboard
stations, particularly at r/R = 0.31, the induced velocity is correspond-
ingly low and the veriation in section 1ift is mainly due to changes in
dynamic pressure, at a relatively constant section angle of attack. The
local dynamic pressure can be expressed as

1 2fr . 2
q = QR = + sin ¥
1 Eﬂ( ) (R 2 .)

At the low tip-speed ratios, u sin ¥ 1s small compared wilth the radius
term end the local dynamic pressure 1ls mainly due to rotetion, and, thus,
is relatively constant. Therefore, the section 1ift is also relatively
constant with azimutn as in figure 7(a). At the higher tip-speed ratios,
the forward-speed comvonent is appreciable and results in a greater change
in 1ift with azimutn.

At the higher forward speeds, the blade flspoing increases because of
the greater rotor inflow and introduces a larger variation in 1iit than
changes in local dynsmic pressure alone would produce, as seen in fig-
ure 7(£).

In order to illustrate the effect of the inclusion of higher harmonic
loedings having larger magnitudes than would be predicted by a standard
theory for = uniform inflow (ref. 1), figure 8 gives a comparison of the
measured variation in section loading with azimuth st r/R = 0.75 with
the varistion predicted by theory. The theoretical curve has been adjusted
to give the same average load as the measured dats in each case.
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The blade section angle of attack for a teetering rotor can be
expressed as in reference l:

A+ ey
%p =06 ~ 8y sin ¥ +
+ p sin y

o [

With the sssumption of uniform infiow and zero coning sngle, A is con-
stent for a given condition and nc lateral flepping or second harmonic
blade motion is predicted. Thnerefore, the longitudinal flapping and the
local velocity mainly determine the variation in Lift with azimuth. At a
low tip-speed ratio (fig. 8(a)) waere the flapping argle is small and the
velcecity reletively constant, the theoretical curve shows very little
change 1n 1ift, whereas the measiured data indicate the greatest variation.
At the higrer forward speeds, the theoretical curve approaches the measured
data, inasmuch as toth are predominantly seccond harmonic.

Harmonlc content of section loading.- The harmonic content of the
neasured data can be seen in figure 9, which presents the harmonic ampli-
tudes, in var-graph formw, of the data of figure 7. The dashed lines
denote repeated data vpoints at r/R = 0.75. Inasnuch as the variation in
section 1lift is periodie in nature, it can be represented in harmonic-
series form as

n
1 =10+ > 1Ipcos(ny + @,)
n=1

This series is equivalent to the more cormon Fourier series expansion of
a harmonic function

n
l=1,+ > (A, ccs ny + B, sin nv)
n=1
where
= 2 2
in = An" + By
and
-1
'¢n = tan Bn/An
where An and Bn ere gereral Fourier series ccefficients.
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The ratio of the nth harmonic loading 1, to the steady compo-
nent 14, in percent, is presented in figure 9. The phase angles ¢n

with respect to zero ezimuth are presented in table II for each harmonic,
When the results of figure 9 are interpreted, 1t should be noted that
although the harmonic amplitudes are very large percentagewise for the most
inboard station, r/R = 0.3l, they represent & small force since the steady
component is very small. This is particularly true at the high tip-speed
ratios, where the steady load is nearly zero. However, this spanwise sta-
tion could correspond to an antinode position and, therefore, could be
important in a vibretion anelysis.

t the low tip-speed retios, all harmonics through the sixth, in gen-
eral, are appreciable and could be sources of vibration excitation for the
helicopter components. These vibrations end the resulting fatligue would
be most important for the load-lifter type of helicopter which normally
operates at low tip-speed ratios. At tip-speed ratios ebove 0.2, the
loading becories predominantly first and second harmonic, the higher har-
monics being only 2 to 5 percent of the average load, as in figure 9(f),
where p = 0.29. Even at the high tip-speed ratios, however, if some
lightly damped component of the hellcopter is near resonance with a mul-
tiple of rotor speed, a source of vibration is present from the higher
harmonic air loads.

Reference 13, which is an Investigatlion of dynamic rotor-blade
bending moments on a fiight helicopter, shows a variation in harmonic
bending-moment srplitudes with tip-speed ratio similar to the varlation
in blade loading indicated here.

During the data-reduction process several harmonics higher than the
first six presented here were determined. Although some amplitude dis-
tortion is present above the sixth harmoniec, the response of the system
is reletively flat to the tenth harmonic; in this range, all harmonic
loadings were aporeciably smaller in megnitude than the sixth.

As discussed in the section entitied "Pest Procedure and Date
Reduction," the output of each pressure gage was read at 48 points per
cycle for 10 cyecles, and the corresponding points werc averaged before
the section loading and harmonic analyses were obtalned. Thlis method of
analysis was done hbecause some variation in output from cycle to cycle
could be seen from en inspection of the oscillograph records. In order
to check the validity of this procedure and to determine whether any
variation in harmonic content with time was present, an analysils was made
of three individusl cycles for r/R = 0.75 at p = 0.08 for both the
original and the check vpoints. Cycles 1, 5, and 10 were analyzed for both
conditions. The time iInterval between cycles consildered was one-half sec-
ond, and approximately 10 seconds elapsed between original and check points.
An inspection of these results showed that the percentage harmonic ampli-
tudes had a spread of +1 percent and the phase angles were within ¥15°.



12 R NACA RM L56I0T7

Spanwise Losding Distribution

The gpanwise loading distribution 1s given in figure 10 for several
azimuth positions at three tip-speed ratios. Figure 10(a) is for p = 0.08,
8 transition condition, where the greatest variation in section loading with
azimuth was found earlier. This figure shows that the spanwise loading dis-
tribution 1s also very irregular at this condition. The loading curves tend
to smooth out with increasing forward speed, and at p = 0.29 (fig. 10(e)),
where the magnitude of the rotor induced velocity is small compared with the
total inflow, the spanwise loading distributions more nearly resemble those
measured in static thrust, as given in reference 6.

A comparison of the data of figure 10 with the spanwise loading curves
of reference 6 in static thrust indicates that a greater tip loss i1s evi-
denced in the forward-flight condition, as shown by the relatively lower
loading at r/R = 0.95 compared with the more inbosrd stations.

Although the instantaneous spanwise loading distributions show a vari-
ation with tip-speed ratio, it can be shown that the steady-loading distri-
bution is relstively constanzt.

In figure 11 the steady section loading is nondimensionalized by

diviaing by the average spanwise loading; that is, the quantity LZ7R is
‘0
plotted against r/R. Figure 11(a) for the present forward-flight data
(for which there was no retreating tip stall) shows that the nondimensional
steady-loading curves are constant within about 10 percent for a range of
tip-speed ratios of 0.08 to 0.29 within a thrust-coefficient range of
0.00367 to 0.00482. A similar curve is shown in figure 11(b) for the
static-thrust data of reference 6 covering a wider range of thrust coeffi-
cients fxrom 0.0033k to 0.00599, all values being below stall.

As discussed in referernce 6, the spanwise loading distribution near
the blade tip is a function of thrust coeffiecient, because of tip-loss
effects, which contribute to the scatter of the data at x/R = 0.95.

The section serodynamic loading has been calculated at r/R = 0.75, a
uniform induced velocity being assumed, for four thrust coefficients
bracketing the measured data at a tip-speed ratlo of 0.20. The resulting
variation in lift with azimuth was harmonically analyzed, and the results
are presented in table III. The amplitudes are given in nondimensional
form, as in figure 9. The vhase angles are given elso. The table indi-
cates that the theoretical harronic amplitudes, in percent of average load,
are essentlially constant with thrust coefficient in forward flight. The
phase angles are also approximately constant, the first and third harmonics
showing the largest varlance, inasmuch as the magnitudes of loading are
small with a corresponding decrease in accuracy.
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Therefore, until additional experimental data are available, the
nondimensional harmonic loading given in figure O might tentatively be
applied to rotor blades of similar configuration at different thrust coef-
ficients. Some discussion is glven in reference 6 of methods of calculating
the spanwise aerodynamic loading distribution in stetic thrust which might
be used as an approximation to the average forward-flight loading.

Total Blade Lift

The spanwise loading distributions at 24k azimuth positions were
integrated to give total blade 1ift which is plotited egainst azimuth in
figure 12 for a range of tip-speed ratios. The change in shape of these
curves with tip-speed ratio is similar to the changes in the section
loading data as discussed previously. The higher harmonics again are most
apparent at the low forward speeds and decrease with Increasing tip-speed
ratio to a predominant second harmonic at the high tip-speed ratiocs.

The theoretical blade 1lift due to a uniform inflow is compared with
the measured data in figure 12 for three tip-speed ratios. By the same
reasoning discussed with the section loading datz, at p = 0.08 the theory
predicts very little variation in total lift with azimuth, where the mea-
surements indicate the greatest variation. At p = 0.20 (fig. 12(d)), the
theoretical amplitudes are approaching the measurements, although the har-
monic content differs greatly and, at p = 0.29 (fig. 12(f)), where the
magnitude of the rotor induced flow is small compared with the total inflow,
the agreement between theory and experiment is fairly close. The measured
1ift is now predominantly second harmonic, as the theory predicts in all
cases, and the amplitudes of loading are of the same order of magnltude.

The results of a harmonic analysis of the measured total blade 1ift
are given in figure 13 and table IV. Figure 13 presents the harmonic ampli-
tudes as a percent of the steady 1lift per blade, and table IV gives the
corresponding phase angles. The variation in harmonic content of total
blade 1lift with tip-speed ratic is seen to be less definite, except for the
second harmonic, than was indicated for the section data.

The results of s harmonic analysis of the variation of theoretical
blade 1ift with azimuth are given in table V for a tip-speed ratio of 0.20
and three thrust cocefficients bracketing the measurements. This table
shows that in forward flight the amplitudes of harmonic loading, as a per-
cent of the steady load, and the phase angles are essentially constant with
thrust coefficient for the total 1ift as well as the section lcocading dis-
cussed earlier.

Figure 14 presents the variation of root-mean-square harmonic ampli-
tudes of total blade 1lift with the ratio of forward speed to the momentum
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value of induced veloecity in hovering. The root-mean-square amplitude is

defined as
Iy 2 + Lz 2 + + Le 3
Lo Lo T Lo

6

This quantity may be thought of as an overall average harmonic content of
total blade 1ift. The root-mean-square amplitude appears to peak at a
velocity ratio of about 2, corresponding toc a tlp-speed ratio of sbout 0.1,-
where the higher harmonics predominate. The curve then decreases to a min-
imum at about V/vo =4 (a tip-speed ratio of about 0.2) as the higher har-

monics decrease in magnitude and increases thereafter to the highest for-
ward sveed investigeted as the second harmonic loading becomes increasingly
larger.

The variation of serodyneric moment about the flespping hinge with
azimuth was determired for one flight condition, p = 0.08. These data
wWwere harmonlically anelyzed and showed that there was no eppreciable first
harmonic aerodynamic moment, as is to be expected for a rotor with a zero-
offset flepping hinge.

Rotor-Disk Lcad Distribution

An overall view of the changes in rotor-disk loed disitribution wilth
forward speed can be seen in figure 15 where section loeding in pounds per
inch is plotted in contour form over the rotor disk, for a range of tip-speed
ratios. As wilth the data previousiy discussed, the contour loading shows
the greatest nonunifcrmity at the lowest tip-speed ratio and becomes relea-
tively smoother at the high tip-speed ratios. The region of maximum
loading alsc chenges with forward speed, shifting from the front to the
reaer oi the rotor disk with increasing tip-speed ratio.

The sharp loading changes in the region of 0C azimuth in figures 15(b},
15(c), and 15(d) may be attributable to the effects of the wake of the rotor
hub. -

CONCLUSIONS

The results of an experimental investigetion of the chordwise and
spenvise aerodynamic loading distribution on a two-blade untwlisted teetering
helicopter rotor blade in simulated level flight for a range of tip-speed
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ratios of 0.08 to 0.29 at a disk lcad of sbout 2.4 pounds per square foot
end a tip speed of 480 feet per second lead to the following conclusions:

1. The chordwise loading distributions are, in general, conventional
in appearance; however, & low or negative loading on the rear poriion of
the blade chord at the 95-percent-radius station is found over the rear of
the rotor disk. This condition is possibly caused by a spanwise boundary-
layer growth due to rotation which adds to the expected decreased loading
due to tip effects.

2. The variation of section loading snd totel blade 1ift with azimuth
shows & much Iarger-harmonic content than & uniform-inflow theory would
predict. The first and second harmoniecs tend to increase with tip-speed
ratio, whereas the third to sixth decrease for the range of tip-speed
ratios tested.

5. The spanwise aerodynamic losding distributions are irregular in
shape at low tip-speed ratios but become smoother at lncreased forward
speeds where the magnitude of the rotor induced flow is smeller compared
with the total inflow.

k. The nondimensional spanwise loading is indicated to be relatively
constant with thrust coefficient and tip-speed ratio; this result suggests
the possibility of extending the present results to rotors of similar con-
Tiguration at other thrust coefficients below stall.

5. The root-mean-square harmonic amplitudes of total blade 1ift peak
In the transition region, decrease somewhat at & moderate cruise condition,
and then increase agein to the highest forward speed covered in the tests.

6. The contours of loading over the rotor disk are also found to
become more uniform as tip-speed ratio increases. Peak loading position
shifts from the front to the rear of the disk with increasing tip-speed
ratio.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., August 3, 1956.
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TABLE I.- SUMMARY OF 'UtS'T' CONDITIONS

Disk load, lb/eq [t

Thrust coefficient

Tip-speed R, ., L,
ratio, u |Balance | Rotor pressure ft/ sec | Balance | Rotor pressure | deg |sq £t
data meagurements data measurcments

0.08 2.20 2.06 h92 |0.00393 0.00367 -1.1 | ---
.10 2.4 2.4 182 .00kh6 .00l40 -1.9 | 2.8

15 2.1 2.38 he2 .00487 .00L82 4,01 2.5

.20 2.0 2.43 482 .00L6T .00460 6.8 3.1

24 2.57 2.36 L4187 .00L476 .00k 46 -9.81 3.2

.29 2.4 2.16 1483 .00LL5 .0039k -11.7| 2.7

LOTSCT WH VOWN
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TABLE II.- PHASE ANGLE FOR EACH HARMONIC

OF MEASURED SECTION LOADING

Phase angle, @, , deg, for station -
Tip-speed n
ratio, u 1 2 5 (regeat) b 5
1 29 15 177 =176 =157 -168
2 34 52 3L 35 20 -116
0.08 3 b -29 I7h 167 64 61
* L -29 -88 -125 ~114 =114 60
5 -T2 56 -10 22 -gh =107
6 -129 -20 -46 -38 82 -85
1 30 18 -160 -161 -1lhg -166
2 35 39 38 36 K -78
10 3 -1k3 23 48 85 66 51
4 -140 ~gh -gh -92 -119 9%
5 =111 42 86 80 -T2 =107
6 -97 -51 =Ll -33 64 -68
1 13 T 126 32 -85 -90
2 31 Lt 27 26 9 -22
' L 19 101 -129 =111 154 93
5 3k 191 =4h -39 -84 =101
6 130 -12 135 134 -16 -65
1 108 151 58 T3 19 =115
2 35 37 27 22 =7 8
20 3 177 102 68 66 Ll 52
* L 148 =52 178 188 152 99
5 -162 gL k1 =50 -78 -Th
6 78 -141 32 26 -19 ~76
1 -172 78 6l 62 -2 -35
2 =13 36 30 29 15 52
ol 3 =138 155 82 83 41 96
- 4 -108 =121 175 169 1hh 88
5 =137 25 -56 -hh -129 55
6 -95 145 51 u6 =l -10
1 175 62 41 L6 1 -32
2 -3 23 27 28 18 48
o 3 -177 179 62 73 182 67
-29 L | 108 | -103 177 171 175 85
5 184 -19 -87 -53 109 60
6 -104 ko 28 42 -7 155
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TABLE IIT.- HARMONIC AWALYSIS OF THEORETICAIL SECTION LIFT

[é = 0.20; QR = 482 ft/sec; f = 2.2 sq £t; */R = O.Té]

8] 1 Disk 2':L ¢1’ o ¢2: 15 ¢3:
T ocaeding, S I T -
1b/sq Tt o | des o | deg o | desg

0.00223% 1.23% 0.021] -91 |c.142 ] 182 | 0.007 | -T2

.00335 1.85 012} 92| .131}180}| .016} -79
.004k7 2.47 .015| -88| .126| 180 .o010| -82
L0073k 4.05 005) =681 .125| 180| .012] -98

TABLE IV.- PHASE ANGLE FOR EACH HARMONIC

OF MEASURED TOTAIL. BLADE LIFT

Tip-speed | &, | %, ¢5 ’ Dy » ¢5 3 @5,
ratio, p |deg |deg | deg deg deg deg

0.08 13 | -1 51 -165}) -173 | -129
.10 6| -2 9|-162] -137 | -108
.15 20 5 0 o7 | -146 | -11k
.20 501 -6} 15 90 | -144 | -166

.2k 8| -k|125| 120} -172} 27

.29 14 | 8| 124 | 175 -le7 | -14k
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TABLE V.- HARMONIC ANALYSIS OF THEORETICAT.

[

= 0.20; OR = 482 ft/sec; £

TOTAT, BLADE LIPFT

- Disk ) o o
‘r 18723?%; 1T dog oo aos L5/L° oz
0.00223 1.24 0.023{ -90 | 0.1k { 180 }0.028 | -90
.00kLT 2.h7 0071 -90| 118|180 | .024 | -90
.00T761 L .20 .00k ]| -96| .125]180 | .022 {-90
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Figure 2.~ Detailed view of hub.
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NACA Research Memorandum L56.107

By John P. Rebbott, Jr., and Gery B. Churchill
October 1956

Page 26: Replace figure 4 with corrected figure Y4 attached. The error
corrected is in the curve labeled by 1n the lower plot (fig. 4(b)}).

Issued 12-6-57
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Aerodynamic loading, lb/ine.
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Aerodynamic loading, 1b/in,
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Aerodynamic loading, 1b/in.

Azimuth angle, ¥, deg
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Aerodynamic loading, 1b/ine
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Aerodynamic loading, 1b/in.
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Figure 10.~ Spanwise serodynamic load distribution at various azimuth

positions,
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(a) Forword flight. (b) Static thrust (ref. 6).

FFigure 11l.- Nondimensional spanwise aerodynamic loading distribution for scveral

static~thrust and forward-flight conditions.
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(b) ® =0.10; o = -1.9% Cp, = 0.00kLo.

Figure 15.- Continued.
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(&) p =0.20; @ = ~6.8% CTP = 0.00460. Shaded area denotes reversed-
velocity region.

Figure 15.- Continued.
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(e) u=0.2k o= -9.8% CTP = 0.COU36. Shaded ares denotes reversed-

velocity region.

Figure 15.~ Continued.
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